A quantum cascade laser based on a strain-compensated Ga 0.4 In 0.6 As/Al 0.58 In 0.42 As heteropair is developed, which operates in a pulse mode in the wavelength range 
Introduction
Quantum cascade laser (QCL) is a unipolar radiation source based on intersubband transitions of charge carriers in a semiconductor nanoheterostructure [1, 2] . The radiation wavelength of QCL is determined by both quantum well size and the heteropair employed, which determines the band offset that is the quantum well depth. Presently, by varying these two parameters and the material composition, QCLs are created, which cover a wide spectral range of 3-250 µm. For operation in the actual middle IR spectral range of 4-6 µm, a strain-compensated GaInAs/AlInAs heteropair is used and the multilayer nanoheterostructure is grown, as a rule, by the molecular beam epitaxy method. The MOVPE (metal organic vapor phase epitaxy) epitaxial method suggested in [3] [4] [5] possesses such advantages as high rate of growth and the possibility of growth of the phosphorous-containing materials. However, a drawback of this method is the interface sharpness problem due to a higher growth temperature.
In the present article, a laser heterostructure based on a strain-compensated Ga 0.4 In 0.6 As/Al 0.58 In 0.42 As heteropair was grown by the MOVPE method. High quality of the structure is confirmed by X-ray diffraction spectra. The structure design corresponds to the emission wavelength of about 5.4 µm and utilizes a two-phonon scheme for lower laser level depopulation. In the pulsed regime, the temperature of QCL operation reached 350 K and the radiation power was above 1.1 W at 80 K.
Design of Laser Heterostructure
It is well-known that almost perfect match of lattice constants during epitaxial growing of Ga 1− In As and Al 1− In As solid solutions on a InP substrate is reached at x = 0.53 and y = 0.52. The band offset in the conduction band for these compositions is ΔЕ = 0.52 eV. Such a depth of quantum well in the heterostructure is insufficient for obtaining a radiation wavelength shorter than ∼ 6 µm, especially for QCL with the two-phonon depopulation mechanism for a lower laser level. Hence, for increasing the depth of quantum well, a heteropair is used, which is not matched to the InP substrate lattice constant [6] . With this purpose, in the Ga 1− In As solid solution the contents of In is increased and in the Al 1− In As solid solution it is reduced. As a result, epitaxial layers become, correspondingly, compressed or stretched with respect to the InP substrate.
With such changed compositions of the considered solid solutions, the conduction band offset in the heterojunction noticeably increases and slightly reduces due to the sign of arising mechanical stresses. Finally, the conduction band offset in such a straincompensated heteropair increases and for chosen parameters x = 0.60 and y = 0.42, we obtain approximately ΔЕ = 0.68 eV. The estimate of the band offset is based on the idea of the 'electron affinity' [7] for pseudomorphic grown solid solutions with the aforementioned compounds on an InP substrate. In the estimates, dependences of the forbidden band gap, lattice constant, values of deformation, elastic constants, and deformation potentials on the composition content were used [8] [9] [10] . 
Measurement Results and Discussion
An active laser element produced in this way is mounted in a special case that is placed on a heat conductor of a metallic optical cryostat with IR windows made from KBr or BaF 2 for operation in a wide temperature range (7-350 K). For operation near 300 K, the laser was placed into a compact optical unit with a Peltier cooler.
Temperature dependences of the threshold current density were measured in a pulsed mode (τ = 1 µs, f = 170 Hz). A gold-doped germanium photoresistor was used as an integral detector of radiation. The dependence obtained is given in Figure 2 . One can see that the operation temperature of 350 K is reached, which is limited by possibilities of the experimental setup. The threshold current density in this case was, at most, 1.8
kA/cm 2 . The threshold current density was 1.6 kA/cm 2 at 300 K. Thus, the two-phonon mechanism of depopulation of the lower laser level is efficient, and the quantum well is sufficiently deep to reduce transition of electrons from upper level to continuum.
The dependence of the threshold current density on temperature cannot be approx- At increased temperature, the QCL emission spectrum shifts to the long-wavelength side, the middle of the spectrum shifts from 1835 cm −1 at 80 K to 1780 cm −1 at 300 K, that is, from 5.45 to 5.62 µm. Note that at room temperature, the emission wavelength 5.62 µm is greater than the calculated value of 5.4 µm by 0.2 µm. It is explained by a small smearing of interfaces in the nanoheterostructure, which agrees with data from [11] , where roughness of interfaces of QCL grown by the MOVPE method was studied by transmission electron microscopy. Such shift effect to the long-wavelength side was also observed in [12] , where QCL was also created by the MOVPE method and the corresponding long-wavelength shift reached even 0.5-1 µm.
Thus, a quantum cascade laser is developed on the basis of strain-compensated Ga 0.4 In 0.6 As/Al 0.58 In 0.42 As heteropair operating in the wavelength range of 5.5-5.6 µm in a pulsed regime at a temperature of up to 350 K. This became possible due to increasing
